A simplified sensorless speed control of permanent magnet synchronous motor (PMSM) using model reference adaptive system (MRAS) is presented. The MRAS is designed and incorporated in a complete closed loop PMSM control system fed by a three-phase inverter that utilizes a simplified hysteresis current control (HCC) to generate gating signals. Accurate rotor position, being essential in PMSM control, is estimated using MRAS rather encoders and resolvers which are explicit position sensors thereby eliminating the drawbacks of the traditional speed sensors in drive systems. The performance of this model is compared with an existing model that utilizes encoders and resolvers. Superior performance was obtained from this new model with MRAS. After initial starting transients, it is observed that the rotor speed for the model with MRAS settled to steady state at 0.10 seconds as against the model with speed sensor which attained steady state at 0.31 seconds. Torque response follows the same pattern to return to the load torque of 11Nm at steady state after starting. After speed reversal, the model with MRAS restored to steady state to track the negative speed command at 0.44 seconds. This is a superior performance compared to the model with speed sensor which settled at 0.60 seconds after speed reversal. The results have clearly shown the superiority of sensorless MRAS over traditional drive models with speed sensors. The software used for this research is MATLAB/Simulink 2017 model. K e y w o r d s: PMSM, senesorless, model reference adaptive system (MRAS), hysteresis current ontroller (HCC)
Introduction
Permanent magnet synchronous motors (PMSMs) are widely used in low and medium power applications such as computer peripheral equipment, robotics, adjustable speed drives and electric vehicles [1] . With lots of advantages, such as high torque density, small size and low maintenance cost, the permanent magnet synchronous motors (PMSMs) find wide applications at home and in industries [2, 3, 4] . The elimination of slip rings and field exciting coils by using permanent magnets in the rotor results in low maintenance requirement, reduced inertia and losses [5] . The reduced motor volume is due to the high field strength [6] . However, PMSM requires the ac stator current to generate constant torque and the rotor flux position to control the torque. Nevertheless, the use of explicit speed sensors such as resolvers and encoders in PMSM drives increases noise, system complexity and cost [7] .
In order to overcome these shortcomings, sensorless control of motor position and speed for PMSMs has been trending in recent years proposing different methods of estimating rotor speed and position. In the low speed region, high frequency signals are injected [8, 9] to extract position and speed signals. The objective is to achieve speed control at standstill and low speed regions.
The disadvantage of this method is the introduction of high frequency noise to the system. The use of state observers to estimate rotor speed and position have also been proposed in such methods as: extended kalman filters (EKF) [10, 11] , sliding mode observers [12, 13] and unscented kalman filters [14] . The output signals in these methods are equivalent with the actual state of the system, but they present very complicated computation.
Other sensorless control schemes includes back emf method with the limitation of sensitivity to stator resistance mismatch and system noise during low speed operation [15, 16] , Low frequency voltage injection at low speeds and standstill with the limitation of low starting torque and generally poor dynamic performance [17] , diagonally recurrent neural network (DRNN) with the limitations, in real-time motor control applications, of static mapping characteristics, the requirement for a large number of neurons and a long training time [18] . Finally, model reference adaptive system (MRAS) was used in [19, 20] . The advantage of this method is its simplicity and excellent dynamic performance.
In this work, MRAS was used for accurate speed and position sensing for PMSM drive that utilizes a simplified hysteresis current control (HCC) in the generation of gating signals for the voltage source inverter (VSI). The emphasis is in achieving effective and accurate tracking of speed and torque. The results achieved by this method is compared with the model already presented in [21, 22] under the same condition but with the use of rotor speed sensor. This new model using sensorless MRAS shows superior performance for all performance indicators examined.
Methodology

d − q modeling of PMSM
It is convenient to design the control scheme and represent the motor model in a dq frame rotating with rotor speed for field orientation. In the PMSM, the main magnetic field is produced by permanent magnets placed on the rotor. Thus, the direct and quadrature axis voltage equations are given by [23] 
where, V d and V q are the d−q axis voltages, i d ,i q are the d− q axis currents, ω r is the rotor speed, R s is the stator resistance, L d and L q are the d and q -axis inductances, λ f is the flux due to permanent magnet.
The proposed sensorless control method
Model reference adaptive system (MRAS) is designed in order to estimate rotor speed and position. The purpose is to decrease the speed and torque fluctuations of the permanent magnet synchronous motor (PMSM) during sudden load changes. However, the model reference adaptive approach makes use of two independent machine models of different structures to estimate the same state variable (back emf, rotor flux, reactive power, current, etc) based on different sets of input variables. The error ε of the actual and estimated output is fed to the adaptation mechanism which outputs the estimated rotor speed ω est r . This estimated speed is processed by the integrator to obtain the estimated rotor position θ est . This estimated speed is used to tune the adjustable model till error ε is zero at which the estimated speed is equal to the actual speed ω r . The schematic block diagram of MRAS with input and output signals is shown in Fig. 1 .
In this MRAS control algorithm, the reference model is the PMSM itself and the adjustable model is the PMSM stator current equations in the rotating reference frame. The adaptation mechanism is a PI controller. Thus, the adjustable model equations are represented by
Since λ f = Li , equation (2) can be represented as
hence, substituting (4) into (3), we obtain
and from (5), the state equation for the adjustable model of PMSM with speed is 
The Circumflex accent is used to distinguish the state variables of the adjustable model from that of the reference model. Equation (6) is the modelling equation for the model reference adaptive system, where current and voltage are the inputs to the system. In this case, the outputs of the reference model and the adjustable model are two estimates of the stator currents. The speed tuning signal actuates the rotor speed, which makes the error converge to zero. Hence, the estimated speed is given by
In d − q rotating reference frame, the input to the adaptive mechanism which is a PI controller is given by
The complete equation for the estimated rotor speed ω est r is given by equation (10) . It is also known as the control law
The i * d and i * q are used for inverse Park's transform, in addition to the estimated electrical rotor position θ est obtained from the MRAS block, to produce the reference stator phase currents i * a , i * b and i *
Hysteresis current control is accomplished by the logical comparison of the reference phase currents (i * a , i * b , i * c ), the actual phase current of the motor i a , i b , i c ) and ∆i * q as shown below resulting in the generation of gating signals v g1 to v g6 for the firing of the inverter switches. Fig. 2 . Reference variables are distinguished from the actual values by superscript *. A PI controller processes the error between the reference speed ω * r and the estimated speed ω est r to eliminate the steady state error in speed. The output of the PI controller is the torque reference which is restricted to an upper and a lower limit by the torque limiter thereby producing a realistic torque reference T * e for comparison with the actual torque T e . Inverse of the motor torque constant multiplies the torque reference to produce the reference quadrature axis current i * q . The reference direct axis current is set to zero (ie i * d = 0 ) as a requirement for field orientation [21, 22] . 8 shows the drive performance of the PMSM using MRAS in comparison with the performance of an earlier model, under the same condition, but using rotor speed sensor as already reported in [21, 22] . The obtained results show clear advantage of the model with sensorless MRAS over the model with rotor speed sensor. The parameters of the PMSM are shown in Appendix 1.
Comparison of rotor speed in Fig. 3 shows that the model with MRAS reached steady state at about 0.1 seconds as against 0.3 seconds for the model with rotor speed sensor. Again, after speed reversal at 0.35 seconds, the model with MRAS recovered faster from transients and continued to track the speed reference and settled to steady state at about 0.43 seconds as against 0.62 for the model with speed sensor. Figure 4 shows a combined plot of the reference and actual currents for phase a. It is observed that the actual current of both the MRAS and Speed sensor effectively tracks their individual references before, during and after speed reversal with the MRAS showing. However, in terms of motor performance, it is observed that the MRAS performed better since it recovered faster after speed reversal than the method with speed sensor. Fig. 5 shows the comparison between the torque produced by MRAS and that produced using rotor speed sensor. Again, it is observed that the MRAS torque settled and reached steady state faster at about 0.1 seconds during which the estimated torque tracks the 11Nm load torque. This is as against the torque from the model with speed sensor which attained steady state at about 0.3 seconds. Thus, the superiority of MRAS over that with speed sensor. The combined plot of the d -axis current for MRAS and Speed sensor is shown in Fig. 6 . Since the d -axis current is zero in FOC and is specified as zero in the model, the d -axis current average is zero both at start and at steady state. By comparison, it is evidence that the d -axis current for the model with MRAS performs better than that of the model with speed sensor. It averages to zero both during transient and at steady state which was achieved at 0.01 second. The same superior performance of the MRAS is also seen in the q -axis current comparison shown in Fig. 7 .
The comparison of the rotor positions is shown in Fig. 8 . The rotor position for the MRAS, at any time instant, is ahead of the rotor position for the model with speed sensor. This account for the MRAS restoring to steady state faster than the model with speed sensor. However, the faster and smoother speed reversal seen in Fig. 3 is due to the sharp reversal of in rotor orientation as shown in Fig. 7 .
Conclusion
A simplified sensorless speed control of PMSM using MRAS has been presented in this paper. The core methodology was to compare the performance of the sensorless control of PMSM using MRAS with the performance of an earlier model of the same systems using hardware encoders and resolvers for speed and position feedback. The complete system is based on FOC where the direct axis (d-axis) current is commanded as zero; thus, only the q -axis current state equation was used as the reference model to estimate the rotor position and speed. A simplified Hysteresis Current Control algorithm was used to generate the gating signals for inverter switching. The results show that the proposed model with MRAS performed much better than the conventional method which involves hardware speed sensors. This is proven by the superior speed and torque responses of the model with MRAS during transient and steady state in comparison with the earlier model with hardware speed sensors. 
